We explore spinning, precessing, unequal mass binary black holes to display the long term angular orbital momentum flip dynamics. We consider two case studies of binaries with mass ratios q = 1/7 and q = 1/15 and a highly spinning large black hole with misaligned intrinsic spin S2/m 2 2 = 0.85. We perform full numerical simulations to evolve them down to merger for nearly 14 and 18 orbits respectively and a full L-flip cycle. The pattern of radiation of such systems is of particular interest displaying strong polarization-dependent variation of amplitudes at precessional frequencies leading to interesting observational consequences for ground, space, and pulsar timing based gravitational wave detectors. These features are strongly directional dependent and could be exploited to observe different ranges of binary masses.
INTRODUCTION
The late orbital dynamics of spinning binary black holes remain a fascinating area of research, especially since the numerical breakthroughs [1] [2] [3] solving the binary black hole problem and making it possible to study these systems via supercomputer simulations. Understanding of the role individual spins play in their late dynamics is of special interest since it will provide the means to extract these parameters of astrophysical importance from the current and future observations of gravitational waves generated by the merger of spinning binary black holes.
Among the notable spin effects (without Newtonian analogs) observed in supercomputer simulations are the hangup effect [4] , which prompts or delays the merger of binary black holes depending on the spin-orbit coupling, S · L, being positive or negative (aligned spins or antialigned spins with the orbital angular momentum L); the large recoils of the final black hole remnant [5] , up to 5000km/s [6] ; the flip-flop of individual black hole spins passing from aligned to antialigned periods with respect to the orbital angular momentum [7] and the alignment instability [8] as a case of imaginary flip-flop frequencies [9] .
In this letter we embark into a case study of spinning binary configurations that lead to a total flip of the orbital angular momentum. These cases, unlike the flip-flop of spins mentioned above that couple spin-spin, may arise during the transitional precession between the two single precession stages (the initial L-dominated and the final S-dominated dynamics [10] ). We are interested in studying the case where this transition occurs in the strong dynamical period of late inspiral and merger (as opposed to the previously studied case of a low order post-Newtonian regime [10] and derive its potential observational consequences for different gravitational wave detectors, ranging from earth, space, and pulsar timing based.
NUMERICAL TECHNIQUES
We evolve the binary black hole data sets using the LazEv [11] implementation of the moving puncture approach [2] with the conformal function W = √ χ = exp(−2φ) suggested by Ref. [12] . For the run presented here, we use centered, sixth-order finite differencing in space [13] and a fourth-order Runge Kutta time integrator and a 7th-order Kreiss-Oliger dissipation operator. Our code uses the EinsteinToolkit [14, 15] / Cactus [16] / Carpet [17] infrastructure. The Carpet mesh refinement driver provides a "moving boxes" style of mesh refinement. In this approach, refined grids of fixed size are arranged about the coordinate centers of both holes. The Carpet code then moves these fine grids about the computational domain by following the trajectories of the two BHs. We use AHFinderDirect [18] to locate apparent horizons. We measure the magnitude of the horizon spin using the isolated horizon (IH) algorithm detailed in Ref. [19] and as implemented in Ref. [20] .
In the tables below, we measure radiated energy, linear momentum, and angular momentum, in terms of the radiative Weyl Scalar ψ 4 , using the formulas provided in Refs. [21, 22] . We extract the radiated energymomentum at finite radius and extrapolate to r = ∞ with the new perturbative extrapolation described in Ref. [23] . Quasicircular (low eccentricity) initial orbital parameters are computed using the post-Newtonian techniques described in [24] . 
RESULTS
In order to explore the L-flip precession regime during the late inspiral and merger phase, we study two binary systems bearing mass ratios q = 1/7 and q = 1/15 respectively. Note that in a previous study [25, 26] , we estimated the need of q < 1/4 in order for the transitional precession to occur. The chosen initial configurations are depicted in Fig. 1 and in Table I .
Given the small mass ratio of the binary systems, we have chosen, for the sake of the simplicity of the analysis and its relatively small influence, to take the small hole to be spinless. We give a relatively large spin (magnitude 0.85) to the larger black hole in a configuration that initially corresponds to a polar orbit of the small hole around the large hole.
The evolution of the two simulations lead to 14.5 orbits before merger for the q = 1/7 case and 18 orbits before merger for the q = 1/15 case. The direction of the total momentum J shows a notable stability during the whole simulations as displayed in Fig. 2 , while its magnitude grows slightly due to a tendency towards alignment of the total spin. We also observe that the spin of the large hole, S 2 , and the orbital angular momentum, L, both precess around this almost constant total momentum direction J = J/J. During the simulation, L completes 5/4 of a precession cycle around J for the q = 1/15 case and 3/4 of a precession cycle around J for the q = 1/7 case.
A low order post-Newtonian analysis (See Eq. (3.2c) of [27] 
where r is the coordinate separation of the holes, α
is the dimensionless spin of the large hole along J (perpendicular to L), M = m 1 + m 2 the total mass of the system, and q = m 1 /m 2 its mass ratio.
The critical radius, r c , where the condition S
Evolution of the directions of the orbital angular momentum, L, large hole spin, S, and total momentum of the system, J. The spin and the orbital angular momentum precess (counterclockwise) around J. As the system evolves the loss of L does not seem to change notably the direction of J. Displayed on the left the q = 1/7 and on the right the q = 1/15 binaries.
above the polar isco [28] ) is hence
For the initial separation of the q = 1/7 simulation at (r c ∼ 13M ), the formula Eq. (1) leads to a period of 15042M . While from the direct waveform information of the simulation displayed in Fig. 3 we obtain 3025M , counting from t = 0 to the first flip. So the estimated full period would at least be 4 * 3025 = 12100M .
Comparing this frequency to the orbital frequency in a PN expansion [29] M Ω orb ≈ M r
leads to a period of 326M , at this initial configuration. In the case of the simulation with mass ratio q = 1/15 (at initial r c ≈ 10M ), guided by the waveform given in Fig. 4 , we observe that from t = 0 to peak 1 in L we get ≈ 1111M , from peak 1 of the phase to zero-crossing ≈ 948M , from zero-crossing to peak 2 ≈ 280M , and from peak 2 to merger ≈ 87M . Using the initial first value, we find a period of oscillation of ≈ 4444M , which is in good agreement with the period derived from Eq. (1) of 4410M . The initial orbital period from Eq. (3) is 230M .
The total flip of the orbital angular momentum has dramatic effects on gravitational radiation as seen by observers at fixed locations, far from the binary systems. It passes from periods of full amplitude of radiation, when the system is face-on to periods of strong suppression of radiation when the system is face-off. This is displayed in TABLE I. Initial data parameters for the quasi-circular configurations with a smaller mass black hole (labeled 1), and a larger mass spinning black hole (labeled 2). The punctures are located at r1 = (x1, 0, 0) and r2 = (x2, 0, 0), with momenta P = ±(Pr, Pt, 0), mass parameters m p /m, horizon (Christodoulou) masses m H /m, total ADM mass MADM, the dimensionless spin of the larger BH a2i/m The waveform strain of the system with mass ratio q = 1/7 as seen from the z-axis (the initial direction of the orbital angular momentum) (above), and the same waveform strain as seen from the y-axis (below) reconstructed using modes up to lmax = 5.
Fig . 5 for the q = 1/15 case, and may have important observational consequences regarding parameter estimation of the system via measurement of gravitational waves as well as the effective frequency band in which this gravitational wave beaconing phenomena can be observed. We can estimate the beaconing amplitude oscillations A B at the critical binary separation r c with respect to the corresponding inspiral gravitational waves at the same frequency A orb . From the leading post-Newtonian waveform dependence on frequency [30] we find
For our simulation with q = 1/15 we measure A B = 0.02 and the precursor PN inspiral gives us A orb = 0.0029 (This ratio grows up to an order or magnitude when we get closer to merger), while the formula above gives an amplification factor of around 11. Additionally, the effect is strongly dependent on which polarization of the gravitational waves we are observing. Fig. 5 shows that while the amplitude of one of the polarizations remains slowly varying, the other has dramatic changes on the scale of this L-precessional period. The , and recoil velocity V recoil . The final mass and spin are measured from the apparent horizon, and the recoil velocity, peak luminosity, frequency, and amplitude are calculated from the gravitational waveforms. Also given is the deviation of the angle between the initial total angular momentum and final spin, ∆θ. We provide in Table II the remnant properties of the final black of the two simulations. The modeling of the final mass, spin and recoil of the final merged black hole has been the subject of many studies (See Ref. [31] and references therein). Precessing binaries, as studied here, have very rich dynamics that make it very difficult to fully model [26, 32] . Here we provide two useful new data points.
CONCLUSIONS AND DISCUSSION
We have studied binary black hole configurations that at the time of the late inspiral are caught in the middle of a transitional precession. The strong dynamics of the merger accelerates the precession frequency leading to the formation of the final remnant black hole before the binary system completes the transitional precession and would sit at another simple precessional stage, dominated by the spin, as predicted in [10] in the weaker field regime. On the contrary, we find that S and L still roughly precess around a mostly unchanged (in direction) J, allowing for a total L-flip.
This also has the consequence of generating particular patterns of gravitational radiation: Strong oscillations in the amplitude of the waveforms and distinct behavior of each polarization. These special features are important to identify binaries in this stage when observing gravitational waves. It highlights the importance of observational access to its two polarizations, and, notably, allows the observation of different mass scales in a given frequency band.
In fact, the strong oscillations in amplitude shown in Figs. 3 and 4 , comparable to the orbital amplitude oscillations, lead to the possibility of also detecting systems at lower frequencies, the frequencies of this beaconing. For instance, as we have seen above, the ratio of frequencies given in Eqs. (1) and (3) at separations of r c ≈ 100M (for q = 1/15 and α L = −0.8, that includes thousands of orbits down to merger) leads to Ω orb /Ω L ≈ 1000. Larger initial separations will increase this factor as r 3/2 . Thus, a 100M binary system that is in the range of frequencies of earth based gravitational wave detectors [33] when observed in the beaconing frequency, lies instead in the LISA band of sensitivities [34] , and likewise, when a 10 6 M binary system, lying in the sensitivity band of LISA for orbital oscillations, could also be detected through the beaconing frequency when observed via pulsar timing [35, 36] . Of course, a reduction of the total mass of the system, leads to a proportional reduction of the waveform amplitudes.
Finally, these results highlight the fact that there is still important information to extract from observations of gravitational waves. The relevance of using accurate templates from numerical simulations was already found for GW170104 in Ref. [37] , where a more robust case for precession is made by directly using numerical relativity waveforms. Not only is the accuracy of the orbital and spin dynamics important here, but also including several (nonleading) modes (up to = 5) to account for the flip of the orbital angular momentum during the period of observations.
